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1. Introduction iy

@ The knowledge of the stress conditions in a superconducting magnet is
mandatory
@ risk of excessive conductor motion in case of low pre-stress conditions

@ risk of conductor degradation or plastic deformation of the structure in case of
high stresses.

@ In order to predict the mechanical status of the coil after cool-down, its
mechanical properties (elastic modulus and thermal contraction) must be
well known.
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2. Stress-strain measurements devices Y

Capacitive gauges

@ The basic principle is to measure
the variation of capacity induced

Kapton film 25 um
MG610 bond

I Stainless steel foil 50 pm

External protlectiou layer ‘“
. . of Kapton film 50 pm
by a pressure in a capacitor. :
\
@ Being S the area of the two parallel \/
electrodes, d the thickness of the 100 mm

dielectric, and € the electric

\»
permittivity, the capacity Cis [
given by
C S /6 N. Siegel, et al., [1]
=€ 730 T - - 6.60
@ When a pressure is applied, the raay [0k e [
capacity will change DRI E 5 Py 7% 2
S 731t Pl !_/.../""’. 16 F-f-
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@ Calibration: the capacity can be N g g
o 13 6.4 h
measured as a function of pressure 0 .
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Pressure [MPa]
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2. Stress-strain measurements devices

Capacitive gauges

@ Capacity transducers are
typically 0.5 mm thick. @ T [\

@ They can be inserted in
between coil and collars in
the pole region, or at the coil ~. 2% 7 o
mid-plane. N. Siogel, of 2l [1]

@ Stress evolution during ,
magnet operation can be \U.

c U
50 R
X

monitored R e
@ Peak stress during collaring N R N
SN
@ Cool-down effect e

~ —.

N - N
external radius ' T ' ~_! [N
Ravy b

@ Pole unloading during e
excitation ) R S S o

i i
0 20 40 60 80 100 120 140 160 180 200
Current squared (kA"2)
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2. Stress-strain measurements devices

Strain gauges

@ The basic principle is to measure the
variation of resistance induced by a strain
in a resistor.

@ The gauge consists of a wire arranged in a
grid pattern bonded on the surface of the
specimen

@ The strain experienced by the test

specimen is transferred directly to the
strain gauge.

M A
LT

@ The gauge responds with a linear change
in electrical resistance.

THL

.L.
-

@ The gauge sensitivity to strain is
expressed by the gauge factor

F o AR/R
N

@ The GFis usually ~ 2.
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2. Stress-strain measurements devices -

Strain gauges —

@ In case of collar laminations strain

”\/ LOADING 8AR :: . BEA;: : g;ﬂf l;"‘ Gci,“"JSEES Q’;ﬁﬁ‘;“;’f; ::-:v:o
gauges can be mounted on beams. U e 2 :
) = ‘: ‘#;‘Fyoxr-nmus gmc | ’A&’
@ The coil stress bends the beam and =N\ ]
R @ KAPTON (.010% S 2
the gauge measures the strain. L R |
. . BACKING BAR (2) @ E g g % % é g g g
@ Gauges are calibrated by applying TN e s w0 con s
a know pressure to a stack of CL-Goodzelt etal., [2]
STRAIN
conductors. CAUGE
@ Gauges can also be mounted on
solid poles.

MOUNTING .
P ‘ / | ‘, BASE HOLE FOR OUTER COIL
T IR - - COMPENSATING GAUGE
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3. Measurements of coil properties -

. =
Elastic modulus

M. Reytier, et al., [3]

@ Measurement technique

@ The elastic modulus E is given by
D.R. Chichili, et al., [5]

p_do _do,
de dl

@ Where © is the applied stress, ethe
specimen strain, dl the
displacement and [, is the initial

) S-Glass Glass cloth
length° Rutherford  braid _ Rectangular
Nb,Sn cable , insulation NbTi strands

@ The measurements procedure
consists in compressing a stack of
conductors, usually called ten

enereIthe:

stack, and measuring the induced e
deformation. SESaE
D 0 K53 855 =D & A

K.P. Chow, et al., [4]
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3. Measurements of coil properties =

Elastic modulus

120 _ Inner layer

@ 293K

@ The stress-displacement curve is
not linear and presents significant
difference between loading and
unloading phase.

@ The elastic modulus depends on
the pressure applied and on the 465 47 4
“history” of the loading.

5 48
height {(mm)

~ 12 1 = 22.5 :
?‘Q/ 10 ] Loading elastic modulus ?’3 20 £ Unloading elastic modulus
w — inner layer w 175 F — Jnner layer /
g Outer layer 15 F /
[ 10
4r 7.5 F
L e E
2 .7 Tk
L )
0 575050740 50 60 70 80 90 100 0 55T T30 80 B0 00120
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3. Measurements of coil properties =

. Xﬂ
Elastic modulus
o NbTi Sion b lnner layer
[ ILVAY,
@ 77K = o |
@ J I
. . D 1
@ The loading branch of the cycle is 80 ¢
characterized by steeper slope [
than at room temperature. 60
@ The hysteresis between the “Oor
loading and the unloading curves 20 |
is considerably smaller. : it
0Z65 48
height (mm)
~ 12, ~22.5
L D : . .
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4 / 7.5
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3. Measurements of coil properties =

r

Elastic modulus

@ Nb;Sn
@ A similar hysteresis as NbTi cable stack is observed, with an almost
linear behavior in the unloading cycles.

@ The modulus, after massaging, is of the order of 35-40 GPa, with no
difference between 293 K and 4.2 K.

D.R. Chichili, et al., [5]

TADBLE [il
MECHANICAL PROPERTIES UNpER MONOTONIC LOADING 100 : i
90 §———| 7
Material E s zimukal, OPa Eaxia, GPa 80 |- — e
00K 42K 300K 42K g0 — ) ]
Nb:Sn + S-2 Fiber 18 26 47 56 o 5
Nb;Su + Ceramic 27 2 455 & :2 First Cycle at 300K? |
TABLE 1V g_ 40 |--- —- i W
MECHANICAI PROPERTIES IN AZIMUIHAL DIRECTION AFTER INITIAL LOADING (3 ,<* Sccond Cyclé ar 304
{OR MASSAGING) TO 100 MPa 30 f-- --p-— ——
20 _";" “ - =
Material E, GPa Poisson’s Ratio to |- L -« |
300K 42K I Cycle ay 300K
Nb,Sn+S-2 39 40 vu=0.15; vi=0.34 0 = | - - |
} 2= e e 0 0001 0002 0003 0004 0005 0.006

NbsSn+Ceramic 38 38 viz= 0.14; vip=0.33 Strain
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Stress [M Pa)

“Mechanical behavior of MOXF cable stacks at room temperature”,

C. Fichera et al.
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3. Measurements of coil properties

Thermal contraction

o Measurement technique D.R. Chichili, et al., [5]
@ The thermal contraction is given ¢
by
lWO B ICO
o =
ZWO
P=gs
where [ ,and [ ,are the load sensor [~
A

unloaded height of the specimen sample

respectively at room and cold
temperature.

@ It can be also evaluated using the
stress loss in a fixed cavity (see Sesin Consiener A
Unit 12 Part II). For an infinitely Load Serew

rigid cavity one gets | g\g& e
e N TR Y

@ By measuring the stress loss, one
obtains o

—%

K.P. Chow, et al., [4]
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3. Measurements of coil properties =

ﬂ

Thermal contraction

2t e |nner Io;»er
o 12T }
@ NDbTi T 10k .
@ A strong the dependence of the . t
thermal contraction on the stress . L ; t
applied before the cool-down is t
4 -
observed
@ 6 x103-8 x 103 for 40-60 MPa -
@ 9 x 103- 12 x 103 for 70-80 MPa g 10 20 30 40 50 60 70 ;;o)
o] “‘v a
TABLE IV
INTEGRATED THERMAL SHRINKAGE COEFFICIENT
BETWEEN293 K AND4.2 K
Number Test Result Literature
o Nb38n Sample of Tests (mm/m) (mm/m)
. . . . . Copper | 34 -3.24 [7]
@ Data available in literature indicate S. Steel i 20 23.06 (7]
a thermal contraction ranging from Ream 3 YR TV
3 3 upto—14 [12]
3.3 x103t0 3.9 x 10-3. T - Yy 0]
-3.30 (8]
Impregnated NbTi Stacks 2 -3.8 0.1 -3.55 [8]

NbTi + Kapton Stacks -4.96 [2]
D.R. Chichili, et al., [5]

USPAS June 2018, Michigan State University Superconducting accelerator magnets 17



Experience with HQ demonstrated that proper

confinement dimensioning is critical

From H. Felice, “Status on HQ Coil Design and
Fabrication”, 17th LARP, 1st HiLumi collaboration
meeting

Study on unconfined cables Vleas. performed at
LBNL by J. Krishnan

a axial contraction: 0.1 t0 0.3 %
a thickness increase: 1.4 to 4 %
awidth increase: 1.5to0 2 %

Study on sections of LQ - TQ and HQ coils

Thickness Meas. Performed at FNAL D. Bocian, M
LQ and TQ: 5.6 and 6% of increase Bossert
HQ: only 1 to 2 % of increase —

%

. i ML e
Width NN | e K

- 0 . NN Ao P e ‘\\_‘:; 2y z

LQ and TQ => 1 to 2 % of increase width\\ Q> /

HQ=> 1% of increase

Solution in HQ case was to provide more
“‘room” for cable expansion during reaction

Y
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Early work looked at what phase of the heat

treatment is the source of length change

DIMENSIONAL CHANGES OF Nb3Sn, Nb;Al AND

Bi,Sr,CaCu;03 CONDUCTORS DURING HEAT ‘
TREATMENT AND THEIR IMPLICATION FOR IC M C 97
COIL DESIGN

800 - D.R. Dietderich, J.R. Litty, and R.M. Scanlan

Lawrence Berkeley National Laboratory

Change in dL/dT due to different volume 700 - Berkeley, CA, 94720, U. S. A, ~ 665°C/50h
fraction after formation of intermetallics

5‘3 600 - —
Expansions with composite nature; Nb and E 500 A I— \
Cu mix. Length increases with temperature 3/ 400°C/48h
similar to Cu © 400 ~

Q ——‘;
Formation of Cu-Sn phases results in _——g.—SOU'_- .
density change — no increase in D 200 215°C/48h )
1 . -
ength, or even contraction

100
Conductor elongates with temperature ) Thesis, Charlie Sanabria
0 25 50 75 100 125 150 17¢
Time (h)

Figure 42 The standard heat treatment for RRP® wires since 2005.
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Early dilatometry measurements provide some

insight into mechanics of wires during reaction

Dietderich et al, ICMC ‘97
m /

0.004
Notes: 0.002 +
- this is not a full reaction cycle for the =
NbsSn wire (faster ramp, no holds, etc) s 0 v
- 19 sub-element IGC-AS Internal-tin wire §
o 002
=
K O 0.004 +
©
700 5
520,006 |
©
600 =
-0.008 | s
G 500
(0]
5 400 -
© Mixing 0
2 300 h
= phase
200
100
2 4 14 g

Time [hours]

USPAS June 2018, Michigan State University

Superconducting accelerator magnets

100 200 300 400 500 600
Temperature (°C)

What is the source
of the “dip”?

700

20



Fractional Change in Length

(a)

0.004

0.002 +

-0.002 +

-0.004 +

-0.006 +

-0.008 +

-0.01

Conclusions are...

No annealing = residual stress

CugSns (n), Cu;sSn (g) density
change offset by thermal
expansion of Cu, Nb

300 400 500 600

Temperature (°C)

100 200 700

0.004

0.002 +

Fractional Change in Length

-0.008 +

-0.01

(b)

Annealed during processing
=No residual stress

r

~

rresser

-0.002 +

-0.004 +

-0.006 +

e

300 400 500 600

Temperature (°C)

100 200

700

Figure 3. (a) Fractional change in length of an ITER conductor produced by IGC-AS. This 19 sub-element
wire with 50 % Cu 1s the same conductor as seen in figure 1(b). (b) Fractional change in length of a bronze-
processed conductor produced by Hitachi. Same as the conductor of figure 1(a).

USPAS

Conclusion: dip at 210C is due to stress relief between Nb tension and Cu, not Cu-Sn
intermetallic phase creation
Note: these measurements do not tell us about the radial growth vs T

oo T T o .
I U1l0, IV1IIUL llbclll JLdlC UINVTI DLLJ\

2 . 7
Jl,lldﬁl CUITUULLIT lb dULTITTIAtUl 1T l(lbl IS
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Systematic studies on LARP cables show some

interesting correlations
Cable Expansion Experiment 2015

mdLlength (%) mdwidth (%) md mid-thickness (%)

40% ) ) )
3.5% .
-
3.0% - l o N
[
=2.5% - "
Se -
2.0%
c
gl.s%
£1.0%
: - " .
£0.5%
0.0% - = - —
0.5% leve Braid g:atrix !eve Braid Matrix ;eve Braid Matrix levekraid !;latrix
V2700 VAN \_ J\_ Y, \. J\_ .
-1.0% SQXFO3 Inner - SQXF-PCO1b - SQXFO04 Inner Drop - SQXFOS5 QOuter -

P330L1053CB(70)B | P350L1056AB(70)B | P330L1057AA(00)B | P330L1057AD(40)B

Coil - Cable ID with Insulation Type
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Some conclusions

*Confined and unconfined cables behave differently

oWidth and thickness always increase; length shrinks

when unconfined whereas cable elongates when confined
oVolume is not fully conserved; void formation varies

*Braid and sleeve have different effect on cable dimension
change during heat treatment =2 impact of insulation

obraid is like a cable with width confined
*“Matrix material” degrades the braid but the effect on

cable dimension change is similar: ~3% increase in mid-
thickness
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@ The idea of modeling the many scales associated with
accelerator magnets has lead to some significant progress, but
we have

D. Arbelaez, S. O. Prestemon, P. Ferracin, A. Godeke, D. Dietderich, and G. Sabbi,
“Cable Deformation Simulation and a Hierarchical Framework for Nb3Sn Rutherford
Cables,” EUCAS, pp. 1—-11, Sep. 2009.
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An example of modeling the deformations
associated with cabling

S. Farinon, Presented at CHATS-AS 2006

Access to 2D strain tensor!
(Simulated)
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| [I1 Modeling macroscopic strand deformations _ ;
w1l as a step towards modeling cables in coils
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Homogenization of the “Coil Material”

* “Coil Material” microstructure

v Cable

v Interstitial binder (epoxy)

¥ Insulation layer (S-glass composite)
Homogenized strand properties are used for the cable
Periodicity is assumed in all directions (infinite material)
Consider only linear elastic behavior

Effective properties are extracted by applying six different periodic loading
conditions

* ¢ % %
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Homogenization of a periodic microstructure to determine effective properties
— Periodic assumption is valid only if there is a large number of sub-elements
— Geometry may not be periodic due to deformations

Plasticity is included in the model but not yet in the coupling framework

(o)g=IE": ((e)g — a"AD)

Periodic Periodic Boundary
Microstructure Conditions
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% Currently the coupling is for only linear elastic properties
v Trivial coupling between scales since properties are independent of deformation

v Coupling from coil to cable scale and from cable to RRP sub-element/filament scale

% Loads are transferred by applying the strain in the larger scale as the average strain
over a unit cell in the smaller scale
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Individual Material Properties

Epoxy (E =5 GPa,v = 0.3)

— Insulation (E, = 14.9 GPa, E, = 6.7 GPa)
— Strand properties varied (E = 126 GPa determined from homogenization of the strand with

E = 135 GPa for Nb,Sn)

— These properties are estimates, there is need for accurate measurements

E,: Apparent strand Young’s modulus

E;: Young’s modulus in i direction

Vij: Poi

sson’s ratios

H;j: Shear moduli

3 l_
1 2
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'“ | Example: Calculated Orthotropic “Coil Material” Properties *

100 pom insulation

60 pm insulation

E. (GPa) 90 110 126 90 110 126
Ei1 (GPa) 65.1 787 89.5 685 828 94.5
Es (GPa) 41.0 45.8 49.3 457 51.7 56.1
E3 (GPa) 27.8 29.7 30.9 340 368 388
V19 0.34 034 034 034 034 0.34
V3 0.24 0.23 022 025 024 0.23
Va1 0.14 0.12 0.11 0.16 0.14 0.13
pi2 (GPa) 194 22,0 23.8 205 235 257
po3 (GPa) 137 149 156 152 168 178
p31 (GPa) 14.8 16.1 17.0 16.8 188 20.2

Superconducting accelerator magnets

30



